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Abstract: Ruby in diverse geological settings leaves petrogenetic clues, in its zoning, inclusions,
trace elements and oxygen isotope values. Rock-hosted and isolated crystals are compared from
Myanmar, SE Asia, and New South Wales, East Australia. Myanmar ruby typifies metasomatized
and metamorphic settings, while East Australian ruby xenocrysts are derived from basalts that
tapped underlying fold belts. The respective suites include homogeneous ruby; bi-colored inner
(violet blue) and outer (red) zoned ruby; ruby-sapphirine-spinel composites; pink to red grains and
multi-zoned crystals of red-pink-white-violet (core to rim). Ruby ages were determined by using
U-Pb isotopes in titanite inclusions (Thurein Taung; 32.4 Ma) and zircon inclusions (Mong Hsu;
23.9 Ma) and basalt dating in NSW, >60–40 Ma. Trace element oxide plots suggest marble sources
for Thurein Taung and Mong Hsu ruby and ultramafic-mafic sources for Mong Hsu (dark cores).
NSW rubies suggest metasomatic (Barrington Tops), ultramafic to mafic (Macquarie River) and
metasomatic-magmatic (New England) sources. A previous study showed that Cr/Ga vs. Fe/(V + Ti)
plots separate Mong Hsu ruby from other ruby fields, but did not test Mogok ruby. Thurein Taung
ruby, tested here, plotted separately to Mong Hsu ruby. A Fe-Ga/Mg diagram splits ruby suites
into various fields (Ga/Mg < 3), except for magmatic input into rare Mogok and Australian ruby
(Ga/Mg > 6). The diverse results emphasize ruby’s potential for geographic typing.
Keywords: ruby; Mogok; Mong Hsu; New South Wales; trace elements; LA-ICP-MS analysis;
inclusions; U–Pb age-dating; genetic diversity; geographic typing
1. Introduction
1.1. Background
Corundum is an aluminum oxide mineral in which trace element substitution of Al by Fe, Ti,
V and Cr act as chromophores. Rubies and sapphires are varieties in which ruby develops a red color
Minerals 2019, 9, 28; doi:10.3390/min9010028 www.mdpi.com/journal/minerals
Minerals 2019, 9, 28 2 of 28
with sufficient entry of Cr3+, whereas sapphire develops blue, green, yellow purple, violet, mauve
and pink colors due to substitutions of the other chromophore elements in the presence of lesser Cr
contents. Numerous gem corundum-bearing sites are known in SE Asia, where Mogok and Mong Hsu
in Myanmar are well known examples of ruby deposits [1–3]. In contrast, East Australia is particularly
noted for widespread placer sapphire deposits [2,3] and only scattered ruby-bearing deposits with
rubies that are unusual in character [4]. Ruby occurs in diverse geological settings, with ages ranging
from Neoarchean [5]-Proterozoic [3,6] to <5 Ma, and can form at wide ranges in temperature, pressure,
and fluid activity and oxidation conditions [1–7]. The ruby deposits are primarily formed by regional
metamorphism and/or from transportations from depth by volcanic processes, but the origins of the
corundum can be multi-staged processes [3,4]. Eluvial and alluvial (placer) ruby deposits can form by
weathering of the primary sources. Trace element studies together with O-isotope data and age dating
can be used to discriminate between lithological sources [7–11]. Geochemical testing, initially leading
to finger-printing [12], and further aided by O-isotope studies have become routinely used to enable
geographic typing of the corundum suites [13–16]. This now achieves greater control through use of a
wider range of minerals included in corundum for providing precise isotopic dating [17–19]. Quality
ruby is an expensive gemstone and is mostly not favored for even micro-destructive study. Optical
mineralogy combined with Raman spectroscopy remains a non-destructive technique for their testing,
along with their solid/melt inclusions, for origin determination. [20,21].
In this study [22], we present new comparative trace element results and age data from Myanmar
ruby fields, which typify metamorphosed and metasomatized carbonate and skarn settings at Mogok
and Mong Hsu, and compare them with eastern Australia ruby fields, which typically carry ruby
xenocrysts derived from basalt fields and found in placer deposits. This allows discussion of the
extreme individual diversities and geochemical characteristics found within and between Myanmar
ruby deposits and placer ruby sources in eastern Australia.
The regional tectonic settings of the Mogok and Mong Hsu, Myanmar and East Australian gem
regions involve the western Pacific continental margins, associated with the Asian and Australian
plates. The distribution of these zircon-corundum associations is shown in Figure 1, derived from
references [23,24]
1.2. Local and Geological Settings, Myanmar
The corundum-bearing gem deposits in the Mogok area include both in situ and secondary
deposits. They were described in detail [25,26] and only a relevant account is outlined here. A geological
map, and associated gem workings of the Mogok area, is shown in Figure 2. The Mogok gem stone tract
at the northern Mogok Metamorphic Belt (MMB) [27–32] is a source of world-class rubies, sapphires
and other gemstones. Myanmar ruby genesis is associated with carbonates [33,34].
The Mogok area is characterized by high-grade metamorphic rocks; the dominant unit is banded
gneiss with biotite, garnet, sillimanite and oligoclase. It is also interspersed with quartzite and bands
and lenses of marble with ruby [25,26]. The metamorphic rocks are intruded by alkaline igneous rocks
(mostly Oligocene-early Miocene sodic nepheline-syenite, and syenite-pegmatite and urtite suites) and
early Oligocene leucogranites. Earlier Jurassic (?) to early Cretaceous mafic-ultramafic peridotites,
norites minor dolerites and basalts are considered to represent layered cumulate intrusions rather
than ophiolite sequences. Biotite granitoids are widely exposed at Kabaing, (16 Ma) and Thabeikkyin
(130 Ma) near Mogok and some Oligocene-Miocene syenite pegmatites contain sapphires [25,26].
The Kabaing granitoids and metasedimentary rocks are commonly intruded by late-stage pegmatites
and aplites [35].
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Figure 1. Regional setting and location of Myanmar and East Australian gem deposits, within the 
West Pacific continental margin zircon-corundum gem deposit zones (z), along the Asian and 
Australian plates [23,24]. Mogok and Mong Hsu, Myanmar, deposits (short arrow) are the western 
most sites [26] and New South Wales deposits (long arrow are among the eastern most group [9]. 
 
Figure 2. Geological map of Mogok Gem Tract, modified from reference [11], showing main 
lithological units and general distribution of gem deposits. The Thurein Taung workings lie ~4 km 
East of the 96°20’45” E longitude map border and 2.3 km North of the 22°52’ N latitude map border. 
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The Thurein Taung study site is ~23 km W of Mogok Township at 96◦22′ 20.7 E, 22◦54′ 12.7 N.
A prominent hill here has a core of steeply dipping white marble intruded by ijolite (Figure 3a,b). It is
flanked by diopside-marble intruded by alkali syenite pegmatite on one side and by gneiss on the
other flank. A skarn deposit in contact with leucogranite lies near the SW summit, where ruby and
painite are found associated with titanite, anatase, rutile, baddelyite, axinite, elbaite, schorl, dravite
and zircon [1]. The hill is covered in parts by alluvium and mine waste.
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Figure 3. Thurein Taung ruby locality: (a) Hill exposing gem workings and scene for underlying 
geology section. Viewed from the east. Basal distance across view is ~600 m; (b) Sketch diagram across 
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marbles (blue arrows), with sapphire deposits (s, inset). Ruby is associated with skarn near the top of 
the hill. Images; Kyaw Thu. 
In comparison, the Mong Hsu area (Figure 4), the second-largest ruby deposit in Myanmar, is 
located in sedimentary and regional metamorphic rocks [17,27].  
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Figure 4. Geological map (a) and geological section (A–B) of Loi Hsan Tao Mountain, Mong Hsu area, 
Shan State, Myanmar, based on Than Than Nu in [36]. The ESE—dipping Lower Paleozoic fold belt 
sequence, younging from west to east includes Biotite Schist (grey), Calc-Silicates (purple), Dolomitic 
marble (brown), Phyllite and Quartzite (mauve). Alluvium (yellow) unconformably overlies the 
sequence. Structural features include strike directions (longer lines) with amount of dip (short lines 
normal to strike) and major fault (red line). The map north length represents 33.3 km. The ruby 
workings are indicated at around Lo Hasen Tao Mountain on map at cross section A–B, H/V = 2.64). 
The regionally metamorphosed rocks (probably of Palaeozoic age) include biotite–almandine–
staurolite schist, diopside calcsilicate rocks and biotite quartzite interbedded with biotite phyllite and 
ruby-bearing white marble (Figure 4). Some granitic pegmatites intruded the metamorphic rocks in 
the area and can be traced into the eastern and southeastern parts as far as Than Lwin River. In 
addition, massive Plateau Limestone (Devonian?) occupies the northern part of the area and shale, 
siltstone, minor limestone beds (Silurian) and bedded limestone (Ordovician) are present in the 
middle and southeastern parts of the Mong Hsu area.  
Primary occurrences of ruby were discovered around Loi Hsan Tao Ridge (elevation 1750 m), 
about 3.6 km southeast of Mong Hsu town in Shan State of Myanmar [26,36,37]. In the Mong Hsu 
area, a series of medium grade regionally metamorphosed rocks comprised of schist, calc-silicate 
rock, quartzite, phyllite and ruby bearing dolomitic marble are exposed along Loi Hsan Tao ridge. 
The ruby occurs in a 330 m thick white fine-grained dolomitic marble within that rock sequence which 
Figure 4. Geological map (a) and geological section (A–B) of Loi Hsan Tao Mountain, Mong Hsu
area, Shan State, Myanmar, based on Than Than Nu in [36]. The ESE—dipping Lower Paleozoic
fold belt sequence, younging from west to east includes Biotite Schist (grey), Calc-Silicates (purple),
Dolomitic marble (brown), Phyllite and Quartzite (mauve). Alluvium (yellow) unconformably overlies
the sequence. Structural features include strike directions (longer lines) with amount of dip (short
lines normal to strike) and major fault (red line). The map north length represents 33.3 km. The ruby
workings are indicated at around Lo Hasen Tao Mountain on map at cross section A–B, H/V = 2.64).
The regionally metamorphosed rocks (probably of Palaeozoic age) include biotite–almandine–
staurolite schist, diopside calcsilicate rocks and biotite quartzite interbedded with biotite phyllite and
ruby-bearing white marble (Figure 4). Some granitic pegmatites intruded the metamorphic rocks in the
area and can be traced into the eastern and southeastern parts as far as Than Lwin River. In addition,
massive Plateau Limestone (Devonian?) occupies the northern part of the area and shale, siltstone,
minor limestone beds (Silurian) and bedded limestone (Ordovician) are present in the middle and
southeastern parts of the Mong Hsu area.
Primary occurrences of ruby were discovered around Loi Hsan Tao Ridge (elevation 1750 m),
about 3.6 km southeast of Mong Hsu town in Shan State of Myanmar [26,36,37]. In the Mong Hsu
area, a series of medium grade regionally metamorphosed rocks comprised of schist, calc-silicate rock,
quartzite, phyllite and ruby bearing dolomitic marble are exposed along Loi Hsan Tao ridge. The ruby
occurs in a 330 m thick white fine-grained dolomitic marble within that rock sequence which dips
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southeast between 30–70◦. The main mode of occurrence of Mong Hsu ruby is in interconnected weak
planes or fissures which run parallel to the foliation of the host marble at upper levels but become
steeper and cross cut the foliation at depth. Ruby grains, lacking orientation, occur mostly as aggregates
together with vein calcite. Flat crystals and half-formed crystals are frequently found. At some work
sites, zonal occurrences of mineral assemblages with depth are observed, showing dolomite, tremolite
and talc in the upper zone, brucite and tourmaline in the middle zone and wollastonite in a lower zone.
1.3. Local and Geological Settings, East Australia
In East Australian gem fields, ruby is an accessory associate of other more abundant gem
xenocrysts, largely zircon and sapphire, found within scattered alluvial placer deposits [4,7,38]; Figure 5.
The xenocrysts are survivors from deeper seated source rocks breached by and transported to the
surface by basaltic eruptions, before erosional release into placers. In this study, rubies from three New
South Wales deposits were chosen for comparison, being from diverse settings within Paleozoic fold
belts in Australia [39], and representing well-characterized suites from previous studies.
At Barrington Tops, ruby occurs as fragmented and corroded composites within alluvial
deposits [40], which were derived from repeated basaltic events from the long-lived Barrington
Tops volcano, which had erupted for over 55 Ma [41]. The ruby-sapphirine-spinel composites suggest
a metamorphic origin at 780–940 ◦C [42,43]. The ruby distribution within the placers overlies three
separate distinctive granitoid intrusions emplaced within the underlying fold belt sequence and
age-dated by zircon SHRIMP U-Pb methods at 268, 273 and 277 Ma [44]. The granitoids include mafic
granodiorites formed by interactions of mantle-derived melts with crustal rocks [45]. Southwest-facing
faulted slivers of relict ophiolites to the northwest include tectonized harzbugites and intrusive
mafic rocks [46]. This diverse basement provides complex metamorphic, metasomatic and contact
metamorphic sources for potential ruby genesis. The Macquarie River ruby grades into pink sapphire
and its source region is poorly constrained, as stones were recovered as accessories in gold dredging
operations in the alluvial river bed. It accompanies diamonds and represents a distinctive highly
Mg-rich, high temperature genetic type [47]. The New England ruby is a rare accessory in gem field
workings within the dissected Maybole shield volcano sequences [48]. It has most unusual color zoning
from ruby cores into sapphire rims and consistently high Ga content and Ga/Mg ratio compared to
world-wide ruby. Rubies of diverse character other than those detailed in this study are found at
Yarrowitch and Tumbarumba, NSW and ENE of Melbourne and are described in references [4,9].
The rubies compared with and discussed here from the central-north New South Wales, Australian
region (Figure 5) are quite different in external features to the diverse Myanmar Mogok and Mong Hsu
materials and their contained inclusion suites (Figure 6a,b and Figure 7). The NSW suites lie within
a NE-SW rectangular zone ~220 km in length and up to 180 km in width. They show contrasting
composite mineral growth (Barrington Tops; Figure 8), high pressure mineral inclusions in pink to red
gradational sapphire-ruby suites (Macquarie River; Figure 9a,b, after [4]) and unusual ruby core to
multiple zoned sapphire outer zones (New England; Figure 10).
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Figure 8. Barrington Tops ruby-sapphirine-spinel composite grain used for thermometric study [42,43]. 
Sample size ~5 × 7 mm. Ruby main mass (purple red); sapphirine (dark green), center bottom and center 
right; spinel (black), center left and outer fusion crust. Photographer G. Webb, Australian Museum. 
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Figure 9. Photos of ruby features from Macquarie-Cudgegong River system alluvial deposits, NSW 
(a) ruby fragment, a few mm across with pyrope garnet inclusion (center). (b) Facetted stones of ruby 
and pink sapphire, up to 3 mm across [47]. Photographer G. Webb, Australian Museum. 
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2. Materials and Methods
2.1. Materials
Examples of Myanmar ruby samples analyzed for trace elements by LA-ICP-MS and an inclusion
used for U-Pb age-dating are shown in Figures 6 and 7. Examples of East Australian ruby samples
with previous analytical trace element data are shown in Figures 8–10.
The Australian rubies were previously analyzed from Barrington Tops and Macquarie River [9]
and New England [48], and results are used for comparative plots in variation diagrams in this study.
2.2. Analytical Methods
2.2.1. Analytical Methods, Trace Element and Isotopic Dating Analysis
The Myanmar ruby samples and mineral inclusions used for U-Pb age dating were analyzed for
trace elements contents by LA-ICP-MS techniques, supplemented by further EDS analysis (see below) at
the University of Tasmania. Previously determined trace elements in New South Wales, East Australian
ruby samples, were used for the comparisons had been analyzed by similar LA-ICP-MS methods
at University of Tasmania (Barrington Tops, Macquarie River) and GEMOC Key Centre facilities,
Macquarie University, Sydney (New England gem field). They are detailed in other publications [9,48].
2.2.2. Trace Elements Analysis
Most trace element analyses were performed at CODES, University of Tasmania, using an ASI
RESOLution S155 laser ablation system with Coherent Compex Pro 110 excimer laser operating at
193 nm wavelength and ~20 ns pulse width. The laser ablation system was coupled to an Agilent 7900
quadrupole inductively coupled plasma mass spectrometer (ICP-MS). Ablation was performed in pure
helium flowing at 0.35 L/min and immediately mixed with argon flowing at 1.05 L/min after ablation.
Depending on the session, the laser was pulsed at either 5 Hz or 10 Hz with either a 43 or a 51 µm
spot size and a fluence of ~4 J·cm−2. Each analysis consisted of 30 s of background gas, followed
by 30 s of ablation time counting for 10 ms on each isotope. Primary calibration of trace elements
was done with the NIST612 reference glass using GeoReM preferred values. A secondary standard
correction was done using GSD-1g and BCR-2g reference glasses, again with GeoReM preferred values.
Data reduction was done in an in-house macro-based Excel workbook, with aluminum as the internal
standard element assuming stoichiometric proportions. Spot analyses were made at core and rim
positions on each of the analyzed grains.
Backscattered electron (BSE) imaging and energy dispersive X-ray spectrometry (EDS) major
elements analyses were performed at the Central Science Laboratory, University of Tasmania. This
used a Hitachi SU-70 field emission scanning electron microscope (SEM, Hitachi High Technologies,
Hitachinaka-shi, Japan) fitted with a Hitachi photo diode BSE detector and an Oxford AZtec XMax80
EDS system at an accelerating voltage of 15 kV and beam current of around 2 nA (Oxford Instruments
Nanoanalsis, High Wycombe, UK). Elements were calibrated on a range of natural and synthetic
mineral standard reference materials. Cobalt metal was used as beam measurement standard, i.e.,
to indirectly determine the relative change in beam current compared to the time of element calibration.
The sample was coated with around 20 nm of carbon prior to analysis using a Ladd 40000 carbon
evaporator (Ladd Research Industries, Williston, VT, USA).
2.2.3. U-Pb Isotopic Analysis
All U-Pb analyses were conducted on the same instrumentation described above, but with the
addition of N2 gas for higher sensitivity. Analyses were done with a 19 µm spot size at 5 Hz and
1.9 J cm−2 laser fluence. Each analysis consisted of 30 s of background gas, followed by 30 s of ablation
time. Isotopes analyzed were 31P, 49Ti, 56Fe, 89Y 91Zr, 93Nb, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 151Eu,
157Gd, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th,
235U, and 238U counting for 5 ms on each isotope, except for Pb isotopes and 238U which had 25 and
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15 ms counting times respectively. Each of the three minerals targeted for U-Pb analyses had a mineral
specific primary standard for the U-Pb calibration: the 91500 zircon, for zircon analyses, Phalaborwa
baddeleyite for baddeleyite analyses and an in-house titanite standard (19686) for titanite analyses.
Calibration of the 207Pb/206Pb ratio was done using the NIST610 reference glass measured at the
same conditions as the unknowns and using values from [49]. Calibration of select trace element data
measured along with Pb/U ratios was done using the NIST610 reference glass using GeoReM preferred
values and with Zr as the internal standard element for baddeleyite and zircon and Ti as the internal
standard element for titanite; all assuming stoichiometric proportions in each mineral respectively.
Data reduction for U-Pb and trace element concentrations is done in an in-house macro-based Excel
workbook with details about the methodology described in reference [50].
Accuracy of the U-Pb ages was checked using a variety of reference minerals of known (ID-TIMS) age
treated as unknowns. These include the Temora [51] and Plesovice [52] zircons, FC-1 baddeleyite [53],
and the FCT-3 [54] and 100606 [55] titanites. All of these secondary reference materials were accurate
within their uncertainties. Concordia plots and intercept ages are done using Isoplot 4 [56]. Where a
common Pb estimate is lacking, the Stacey and Kramer [57] model Pb at the age of the mineral was
used for the anchor on the Concordia intercept ages. Uncertainties are calculated using the method of
Horstwood et al. [58], where systematic uncertainties are added after the Concordia intercept ages are
calculated. Details of the geochronologic data are supplied in Supplementary Materials.
3. Results
3.1. Trace Element Variations
The main trace element values measured in Thurein Taung and Mong Hsu ruby samples are
given in Table 1. This breaks the data up into rim and core measurements of the analyzed crystals for
easier comparison, while individual results from each analytical spot are detailed in Tables A1 and A2.
Some rubies appeared to indicate noticeable Si and Ca values above the relatively high detection limits
for those elements, particularly in Thurein Taung ruby. Such levels that enter the corundum crystal
structure invoke potential presence of nano inclusions of silica [59] or even particulate calcsilicate
material [13]. Because of potential large variability in Si and Ca within corundum analyses, due to
LA-ICP-MS analytical interreference affects [60], these element values were not reported in Tables 1, A1
and A2. Other trace elements are mostly at detection level or negligible (1 or <1 ppm) in concentration.
A few Thurein Taung rubies contain 1–2 ppm B, while Mong Hsu rubies contain 1–3 ppm Cu and
1–9 ppm Zn.
Table 1. Trace element comparative ranges and averages (ppm), Myanmar ruby samples.
Sample Mg Ti V Cr Fe Ga
Thurein Taung
Rims, range 27–204 38–1241 110–401 432–4599 38–483 20–170
n = 9, average 85 254 243 2468 143 79
Cores, range 35–189 53–283 102–421 618–4406 24–461 20–152
n = 9, average 78 139 225 2494 127 75
Mong Hsu 1
Rims, range 27–75 336–3201 73–628 429–3545 10–32 48–78
n = 7, average 48 1410 391 2026 14 69
Cores, range 42–95 1168–2550 75–649 919–4625 <8–17 48–80
n = 4, average 70 1815 324 3199 <9 66
Mong Hsu 2
Rims, range 20–147 42–1492 183–1012 959–16,388 11–51 68–105
n = 14, average 68 778 342 5600 29 83
Cores, range 41–226 100–2633 228–658 1194–27,386 15–54 81–103
n = 8, average 115 1210 417 7015 26 89
Data based on detailed analyses listed in Appendix A Tables A1 and A2. < = value bdl.
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The main chromophore Cr is distinctly higher in Mong Hsu set 2 rubies (max. ~2.7 wt %, av.
0.65 wt %), than in Mong Hsu set 1 (max. 0.45 wt %, av. 0.23 wt %) and Turein Taung (max. 0.46 wt %,
av. 0.25 wt %) rubies. One set 2 zoned crystal is significantly more enriched in Cr (max. 2.7 wt %, av.
1.9 wt %) than for 7 others in the set (max. 1 wt %, av. 0.44 wt %). The most variable chromophore is Ti,
which is lowest in Thurein Taung rubies (max. 1250 ppm, av. 265 ppm) compared with Mong Hsu set
1 (max. 3200 ppm, av. 1362 ppm) and Mong Hsu set 2 (max. 2633 ppm, av. 935 ppm) rubies.
In Turein Taung rubies, average rim ppm values in Cr are less than average core values (− values),
but are greater in Mg, Ti, V, Fe, Ga rim values (+ values). The rubies, however, are relatively
homogenous with rim to core zones showing limited ppm variations (Mg +7; Ti +115, V +18; Cr
−26; Fe +16; Ga +4). In contrast, wider average zonal spreads appear in ruby sets Mong Hsu 1
(Mg −22; Ti −405; V +67; Cr −1173; Fe + >9, Ga +3) and Mong Hsu 2 (Mg −47; Ti −432; V −75, Cr
−1415; Fe +3; Ga − 6).
Thurein Taung V values at 102–421 ppm lie well below more extreme V values at 900–5500 ppm
in nearby parts of the Mogok ruby field [11,13]. Thurein Taung Cr/V ratios, however, range up to 37
and suggest links with the Mogok V-rich ruby province. In comparison with Thurein Taung, the Mong
Hsu ruby sets include higher V values up to ~1012 ppm and range into even higher Cr/V ratios (Mong
Hsu 1, 1.2–37.1, av. 11.3; Mong Hsu 2, 4.0–59.5, av. 18.0).
3.2. U-Pb Ages
All zircon and titanite analyses were done in-situ, as small grains present as inclusions within
corundum megacryst hosts. Baddeleyite was analyzed as large euhedral megacrysts. All age results
and all secondary reference material analyses are presented in Supplementary Materials. Zircon and
ilmenite inclusions were targeted for U-Pb analysis in the Mong Hsu rubies. These inclusions were
generally >30 µm in size and euhedral in shape. Ilmenite analyses contained modest U contents
(<70 ppm), however, they contained significant common Pb and so were useful as a common Pb
anchor point for the zircon analyses. The zircons have significantly high U, up to 3000 ppm, and
high U/Th ratios (up to 40). Analyses show significant variation in common Pb corrected age (207Pb
correction), often with variable Pb/U ages within single analyses. A Concordia intercept age of 23.9 Ma
(± 1.0/1.03 Ma, including systematic uncertainties respectively), calculated on the four youngest
zircons formed a coherent population (MSWD 1.10, probability of fit 0.35) with ilmenite analyses
included for use as a common Pb anchor (Figure 11).
Zircon and titanite inclusions were also targeted for U-Pb analysis in the Thurein Taung ruby.
The zircons were generally <30 µm in size, while the titanite was a single grain ~250 by ~150 µm in size
and euhedral in shape. Multiple analyses were done on this single grain to constrain the age as no other
titanite grains were exposed at the surface. A Concordia intercept age of 32.34 Ma (± 0.97/1.03 Ma)
was calculated on the 7 titanite analyses on this single grain with the age anchored on a 207Pb/206Pb
ratio of 0.837 (Figure 12). Three zircons included in the same ruby megacryst as the titanite give a
range of older ages from ~50 to ~100 Ma, despite being a few millimeters away from the titanite.
Two baddeleyite megacrysts from the Thurein Tuang, ~5× 10 mm in size, were analyzed targeting
both rims and cores. A wide range of ages were measured in the two megacrysts from ~40 Ma to
~110 Ma. Eight of the analyses formed a coherent age population at 103.3 Ma (± 2.2/2.45 Ma). There
was no obvious correlation with the measured age and location (core vs. rim) of the baddeleyite, with
some rims containing the ~103 Ma age population and some cores containing significantly younger
ages. Likewise, there is no correlation with the trace element chemistry of the baddeleyite and the
measured ages.





Figure 11. Concordia diagram showing zircon plots (red spots) used to constrain a concordia age of 
the four youngest zircons within the Mong Hsu host ruby. Age measurements on two baddeleyite 
megacrysts from the site (grey spots) are shown, but relationships to Mong Hsu ruby are uncertain. 
  
Figure 1. Concordia diagram showing zircon plots (red spots) used to constrain a concordia age of
the four youngest zircons within the Mong Hsu host ruby. Age measurements on two baddeleyite




Figure 12. Concordia diagram showing titanite plots (green spots) and error bars constraining the 
intercept age of the titanite composite inclusion in Thurein Taung ruby. Comparative age plots are 
shown for older zircon included ruby (grey) and baddeleyite megacrysts (black) from Thurein Taung. 
 
Figure 12. Concordia diagram showing titanite plots (green spots) and error bars constraining the
intercept age of the titanite composite inclusion in Thurein Taung ruby. Comparative age plots are
shown for older zircon included ruby (grey) and baddeleyite megacrysts (black) from Thurein Taung.
Trace elements in the young 23–27 Ma zircon in Mong Hsu ruby were analyzed by LA-ICP-MS
during age-dating (Supplementary Materials). Three zircons showed consistent results, based on an
assumed Zr content of 493,000 ppm, with Hf 17,334–18,659, U 2012–3407, Th 155–241, U/Th 13.6–14.1,
Y 99–161 and very low LREE-MREE and enriched HREE. One zircon contains a Ti-rich inclusion,
probably rutile that skewed results, giving excessive Ti and reducing other values. The ilmenite used
as an anchor for common Pb ranged in Ti/Fe ratios between 0.47–3.73 and contained minor amounts
of P, Zr, Nb and LREE.
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3.3. Mineral Inclusion Analyses
Mineral phases distributed in the dated composite titanite inclusion and dated zircon xenocrysts
within host Thurein Taung ruby were targeted for EDS analysis using BSE images (Figures 13 and 14;
Table 2). The composite inclusion is an elongated subhedral, titanite crystal ~270 µm long, intergrown
with two euhedral nepheline crystals, 30 and 65 µm across, on its margins that constitute ~4% of the
inclusion. Mineral formulas given in Table 2 were based on O calculated by cation stoichiometry, with
titanite standardized on Si.
Detailed LA-ICP-MS trace elements including REE were acquired for the Thurein Taung composite
titanite and zircon inclusions (Supplementary Materials). Titanite analyses (n = 7), based on an
assumed Ti content of 181,607 ppm, contain accessory ppm of P (300–837), Fe (134–171), Y (555–583),
Zr (1100–1997), Nb (828–890), Ta (53–59), Th (651– 733), U (248–3206), and have av. Th/U (2.6). Analyses
are moderately elevated in LREE-HREE (La–Lu 1726–1906). Zircon analyses, using assumed Zr of
493,000 ppm, are enriched in Hf (16,890–19,504), show minor elevations in Ti, (27–61), Fe (<14–165),
Y (57–66), Th (22–54), with av. Th/U (0.35). They are noticeably low in LREE-MREE but show mild
enrichment in HREE. Baddeleyite analyses, using assumed Zr of 740,000 ppm, are enriched in Hf
16890–1950), have elevated Ti (1537–2813), Nb (308–1147), Ta (262–525), minor P (117), Pb (19–118) and
negligible REE and Th.
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Figure 13. BSE image of titanite-nepheline inclusion (light grey) in Thurein Taung ruby (dark grey 
background). Darker euhedral indents in the inclusion (top and left) are nepheline. Circular pits mark 
age-dating sites, while EDS spectrum sites (rectangular boxes) represent titanite analyses, listed in 
Table 2). 
  
Figure 13. BSE image of titanite-nepheline inclusion (light grey) in Thurein Taung ruby (dark grey
background). Darker euhedral indents in the inclusion (top and left) are nepheline. Circular pits mark
age-dating sites, while EDS spectrum sites (rectangular boxes) represent titanite analyses, listed in
Table 2).
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Figure 14. Zircon crystals in Thurein Taung ruby (background), showing circular age-dating pits and 
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Table 2. EDS element analyses (wt %), inclusion mineral phases, Thurein Taung ruby.
Titanite (Composite Inclusion) 1 Ca4.00 (Ti3.35, Al0.68)4.03 Si4 (O19.72, F0.55)20.27.
Element (σ) O (0.4) Si (0.1) Al (0.1) Ca (0.1) Ti (0.1) F (0.1)
Av., n = 3 41.7 14.2 2.3 20.3 20.3 1.3
Nepheline (composite inclusion) 2 (Na0.69, K0. 07, Ca0.08)0.91 (Si1.1 Al0.9)2.0 O4.
Element (σ) O (0.2) Si (0.1) Al (0.1) Ca (< 0.1) Na (0.1) K (< 0.1)
Av., n = 3 45.3 20.9 17.9 2.2 11.2 1.8
Zircon 1 (xenocryst) 3 (Zr1.06, Hf0.01)1.07 Si01.05 O4.
Element (σ) O (0.2) Si (0.1) Al (0.0) Zr (0.3) Hf (0.2)
Av., n = 1 32.4 14.9 bdl 48.8 1.2
Zircon 2 (xenocryst) 4 (Zr1.00, Hf0.01)1.01 Si0.99 O4.
Element (σ) O (0.1) Si (0.1) Al (0.0) Zr (0.3) Hf (0.2)
Av., n = 1 31.4 14.9 bdl 48.1 1.2
1,2,3,4 Calculated mineral formula of analyzed mineral. bdl below detection limit.
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4. Discussion
The gem mineralization associated with the Myanmar ruby deposits is inherited from the
stratigraphy and dynamic tectonic events that built the geological framework within the gem
tracts [59,61,62]. The initial discussion considers the age-dating results on inclusions within Myanmar
rubies from the two studied deposits and examines their relationships to previous dating in ruby
deposits in SE Asia. This is followed up by synthesizing the trace element results from the
Myanmar sites and Australian ruby suite data within a range of genetic classification diagrams.
With characterization, the suites will be examined for their geochemical traits that enable distinctions
between these suites. Finally, comparative elemental ‘fingerprinting’ is considered in a broader context
of geographic typing of rubies within a global perspective.
4.1. Mogok and Mong Hsu Ruby Ages
The U-Pb age of the Thurein Taung composite titanite inclusion at 32.4 ± 1 Ma, matches the
age of small leucocratic granite bodies that intrude the area [25]. The near-euhedral crystal form
suggests a likely syngenetic origin and a host ruby age linked to alkaline melts and skarn formation
associated with that leucocratic granite event. The presence of subordinate nepheline in the titanite
composite, however, needs consideration in respect to a potential under-saturated alkaline source.
Nepheline-bearing rocks are known to intrude and be faulted against the local marbles in this
vicinity [25]. These urtite-ijolite members and syenite rocks, however, seem younger than the composite
inclusion age. This is based on a 25 Ma age for a foliated syenite and observations that the syenites
themselves are intruded by the urtites and by pegmatites associated with the Kabaing granite, dated at
16.8± 0.5 Ma [25,61]. This, in conjunction with a zircon U-Pb age of 16.1 Ma in a painite overgrowth on
ruby from Wetloo [25], suggests multiple periods of ruby growth may have taken place in the Mogok
skarn environment [63]. This aspect is further supported by Ar-Ar age dating of phlogopite mica in
syngenetic growth with ruby in the Mogok field at 17.1 ± 0.2 Ma–18.7 ± 0.2 Ma [33]. U-Pb dating of
zircon inclusions is rare in constraining Mogok ruby ages, but has been used on syngenetic zircon
to date quality Mogok sapphires [64]. Mogok sapphires have links with under-saturated alkaline
intrusions [25]. Age dates obtained so far for host sapphires [64] gave 26.7 ± 4.2 and 27.5 ± 2.80), close
to, but just outside error for the Thurein Taung composite inclusion age (this study).
Mong Hsu zoned ruby-sapphire crystals are found in host veins composed of calcite, a Mg-rich
chlorite group member, Cr-bearing muscovite and opaque oxides, which traverse recrystallized
dolomitic marble [37], or occur in disseminated grains in a dominant dolomite matrix with minor
calcite and intergranular phlogopite [65]. Solid inclusions within the rubies themselves identified by
laser Raman spectroscopy included Cr-bearing muscovite, paragonite-margarite solid solution, Mg-rich
chlorite, rutile, quartz, dolomite and diaspore [66]. In addition, the present study identified zircon
and ilmenite which enabled U-Pb age determination of the host ruby age. The Mong Hsu ruby age
formation, based on the young zircon inclusions, at 23.9 ± 1.0 Ma is clearly younger than the Thurein
Taung titanite inclusion age by some 8–9 Ma. The later age for Mong Hsu ruby generation fits in with
a declining phase of regional metamorphism [36,61], within fluid-rich conditions which included H2O,
CO2, F and other components [37]. An isochore estimation from fluid inclusion compositions within
the ruby gave a P-T range of 0.20–0.25 GPa and 500–550 ◦C for the fluid activity, which may represent
hydrothermal input from deeper magmatism [36]. This low P-T range for ruby growth was questioned
from zircon-in-rutile thermometry on an inclusion in a ruby. The estimated T between 615–690 ◦C
suggested upper amphibolite facies T in the 0.4–0.6 GPa range [66]. The present U-Pb zircon dating
now yields a firmer early Miocene 24 Ma age for this metamorphic/magmatic event.
4.2. Myanmar and East Australian Ruby Trace Element Comparisons
Mong Hsu ruby crystal growth and trace element analysis was used to establish a geochemical
identity [66]. The study recorded dark cores, which were elevated in Cr, V, Mg, Ta, W and Th
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values. This trend also was noted here, in a core significantly enriched (ppm) in Cr 10,036, Ti 1272,
V 909, and Mg 1272, although Ta, W and Th remained low. The earlier study suggested a distinctive
geochemical field for Mong Hsu ruby, compared with other ruby fields, when Cr/Ga was plotted
against Fe/(V + Ti). Strangely, however, the compared fields did not include Mogok ruby. To further
test the claim, ruby analyses from Mong Hsu, Thurein Taung, Mogok, from this study and data from
New England, East Australia [48] are compared with the proposed Mong Hsu field in Figure 15.
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East ustralian plots (Figure 18) present varied lithological affinities. Barrington Tops ruby has
etaso atic corundum affinities. Macquarie River ruby in contrast forms a tight linear array near the
base of the Ruby-in-mafic-ultramafics field, while the multiple color zone components of New England
ruby spread along the Metasomatic corundum field to slightly overlap the Ruby-in-mafic-ultra afics
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field. Myanmar ruby fields have strong connections with carbonate sources, unlike East Australian
ruby sources, although both groups include some mafic-ultramafic source inputs.
A trace element variation diagram, introduced as a tool to separate blue-colored sapphires of
metamorphic, transitional and magmatic origin, by Peucat et al. [67], plotted Fe (ppm) content against
Ga/Mg ratio. This tool received wider use being extended to sapphire of other colors and even ruby,
as it is normally a metamorphic/metasomatic corundum and seemed to conform to the classification
boundaries. [9,68,69]. Recent studies show that individual corundum crystals can show significant
ranges in their Ga/Mg ratio [70], and that rare rubies from Myanmar and East Australia show high
Ga/Mg ratios that lie in the magmatic field [13,48]. Furthermore, some sapphire/ruby suites with
low Ga/Mg, previously thought metamorphic can contain melt inclusions suggesting a magmatic
origin [71]. This makes the Ga/Mg ratios considered in isolation unreliable genetic indicators. Plots of
Fe (or Fe/Mg) against Ga/Mg, nevertheless, remain useful in aiding distinctions between fields from
different localities (Figure 19).
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Figure 18. Discrimination diagram of metal oxide plots, within petrological fields after [3], for East 
Australian plots from Barrington Tops, Macquarie River and New England rubies. Plots are color 
coded to show the range of color and zoning. Symbols for different localities are shown in the legend. 
Figure 18. Discri ination diagra of etal oxide plots, ithin petrological fields after [3], for East
Australian plots fro Barrington Tops, acquarie River and New England rubies. Plots are color
coded to show the range of color and zoning. Symbols for different localities are shown in the legend.
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Hsu, Myanmar; zoned ruby-sapphire suite; PAC, Pailin (west), Cambodia, ruby and sapphire suites; 
TT, Thurein Taung, Myanmar, ruby suite. East Australian locality identity letters are: BAR, Barrington 
Tops, magmatic sapphire, (a) meta-sapphire (b) ruby; C-G, Cudgegong-Gulgong, ruby, sapphire; 
MAR, Macquarie River, ruby, meta-sapphire, high-Ga sapphire; NSW, New South Wales, high-Ga 
sapphire; NER, New England, zoned ruby-sapphire; YAR, Yarrowitch, ruby, meta-sapphire, 
transitional sapphire, WR, Weld River, Tasmania, high Ga-sapphire. Other: RMC, River Mayo, 
Colombia, South America sapphire. 
The studied Thurein Taung and Mong Hsu, Myanmar suites (Figure 19) show very low Fe and 
cluster at Ga/Mg ~1–2. Note that dark violet zones of Mong Hsu ruby-sapphire (MHb) separate into 
a slightly lower Ga/Mg group than for ruby zones. These carbonate- interacting Myanmar ruby suites 
are quite distinct in values from West Pailin, Cambodian ruby suite (PAC). East Australian ruby 
suites, in contrast, have a more extended separation and diversity than the plotted SE Asian ruby 
suites, extending in Fe values from ~1800–4200 ppm and Ga/Mg range from ~0.054 to 25.  
Thurein Taung ruby is just one locality among many ruby deposits in the Mogok gem tract for 
which LA-ICP-MS analyses are available for comparison [11,13,59]. One Mogok site, Le-U, has ruby 
notably high in Si (1060–4290 ppm), trace B (10–35 ppm) and Sn (2–18 ppm) and δ18O (20.4 mil %), and 
was attributed to a skarn origin [13]. This ruby is also exceptional in its high Ga contents (~370–720 
ppm) and Ga/Mg ratios (46–521), exceeding those of the New England, Australian high-Ga ruby 
(compare Figures 19 and 20). In a further variation diagram, Le-U ruby with V + Cr (2270–31,890 
ppm) plotted against Fe + Ti (4–12 ppm) falls in a distinct field outside other Mogok site plots (Figure 
21). This is quite dissimilar to the Thurein Taung data (V + Cr 542–4744 ppm; Fe + Ti 82–2295, which 
extends across the general Mogok High-V metamorphic ruby field.  
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su, yan ar; zoned ruby-sapphire suite; P , Pailin ( est), a bodia, ruby and sapphire suites;
TT, Thurein Taung, yan ar, ruby suite. East ustralian locality identity letters are: B R, Barrington
Tops, ag atic sapphire, (a) eta-sapphire (b) ruby; C-G, Cudgegong-Gulgong, ruby, sapphire;
AR, acquarie River, ruby, eta-sapphire, high-Ga sapphire; S , e South ales, high-Ga
sapphire; NER, New England, zoned ruby-sapphire; YAR, Yarrowitch, ruby, meta-sapphire, transitional
sapphire, WR, Weld River, Tasmania, high Ga-sapphire. Other: RMC, River Mayo, Colombia, South
America sapphire.
The studied Thurein Taung and Mong Hsu, Myanmar suites (Figure 19) show very low Fe and
cluster at Ga/Mg ~1–2. Note that dark violet zones of Mong Hsu ruby-sapphire (MHb) separate into a
slightly lower Ga/Mg group than for ruby zones. These carbonate- interacting Myanmar ruby suites
are quite distinct in values from West Pailin, Cambodian ruby suite (PAC). East Australian ruby suites,
in contrast, have a more extended separation and diversity than the plotted SE Asian ruby suites,
extending in Fe values from ~1800–4200 ppm and Ga/Mg range from ~0.054 to 25.
Thurein Taung ruby is just one locality among many ruby deposits in the Mogok gem tract
for which LA-ICP-MS analyses are available for comparison [11,13,59]. One Mogok site, Le-U,
has ruby notably high in Si (1060–4290 ppm), trace B (10–35 ppm) and Sn (2–18 ppm) and δ18O
(20.4 mil %), and was attributed to a skarn origin [13]. This ruby is also exceptional in its high Ga
contents (~370–720 ppm) and Ga/Mg ratios (46–521), exceeding those of the New England, Australian
high-Ga ruby (compare Figures 19 and 20). In a further variation diagram, Le-U ruby with V + Cr
(2270–31,890 ppm) plotted against Fe + Ti (4–12 ppm) falls in a distinct field outside other Mogok site
plots (Figure 21). This is quite dissimilar to the Thurein Taung data (V + Cr 542–4744 ppm; Fe + Ti
82–2295, which extends across the general Mogok High-V metamorphic ruby field.
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Figure 20. Fe/Mg vs. Ga/Mg plots Mogok corundum, as color coded plots within outlined fields for 
Mogok data [11,13]. Note extreme Ga/Mg ratios in a proposed “skarn” field for Le-U ruby (red 
diamonds) and Ohn-bin-ywe-htwet sapphire (mauve diamonds) [13], compared with Ga/Mg ratios 
plotted for Thurein Taung and Mong Hsu, Myanmar, Barrington Tops, Macquarie River and New 
England, East Australian ruby suites (Figure 18). 
 
Figure 21. V + Cr vs. Fe + Ti diagram showing Mogok gem corundum, as color coded plots, as in 
Figure 19, within outlined fields for Mogok data from [11,13]. Note the extreme V + Cr enrichment 
and extreme low Fe + Ti for the suggested Mogok “Skarn field”. Such low Fe + Ti is not shared by the 
other Myanmar or East Australian ruby data in this paper or in the cited literature. 
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rock settings and others from alluvial deposits as xenocrysts transported by basalts that erupted 
through hidden fold-belt settings. The color zoning and geochemistry of the different ruby suites and 
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4.3. Ruby Diversity and Geographic Typing
This study examined two ruby sites from Myanmar and three ruby sites from East Australia, using
rubies derived from quite diverse geological settings. Some ruby suites came from known host rock
settings and others from alluvial deposits as xenocrysts transported by basalts that erupted through
hidden fold-belt settings. The color zoning and geochemistry of the different ruby suites and their
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age formation relationships show considerable diversity within in both inter- and intra-continental
settings. The diversity described here is only a limited sample of the potential diversity of ruby
deposits world-wide, as revealed in a selected range of major surveys [2,3,15,34,72–76].
Several ruby suites within this intra-continental comparison show unusual characteristics that
seem ideal for geographic typing. The Mong Hsu zoned ruby-sapphire stands out, not only for its
contrasting dark cores and red rims, but also for added complexity. The zoning also includes blue
patches that differ from the dark cores in showing O–H stretching, when examined by FTIR absorption
spectrometry [77]. Within some Mogok rubies, very high V levels, exceeding 30,000–50,000 ppm, with
V/Cr > 1–26, as at Sin-Khwa, would be distinctive [11]. Furthermore, extreme Si-Ca-Ga-enriched
ruby, as at Le-u seems unique [13]. The Le-u ruby was retrieved from an alluvial placer, where rubies
were derived from marbles that had interacted with CO2-rich fluids and nearby syenite intrusion [78].
Among East Australian rubies, Barrington Tops, Macquarie River and New England suites all show
distinctive features. Barrington Tops ruby composites, although similar in mineralogy and trace
element chemistry to West Pailin, Cambodian examples [79] differ from them in their δ18O isotope
ranges [9]. Macquarie River ruby shows extreme Mg enrichment relative to Fe and Ti [9] and in a Mg
(×100)–Fe–Ti (×10) diagram all plots fell in the end-member Mg apex (Mg 90–100, Fe 0–10, Ti 0–10).
New England color-zoned, Ga-enriched ruby, although approached in Ga values elsewhere, e. g., East
Africa, differs in Cr-colored red cores trending to non-red rims [48], rather than the reverse trend [80].
A plethora of detailed data now exists on ruby characteristics available from many global sites,
as exploration, mining and gem researchers, gem institutions and trade laboratories continue to open-
up studies on this valuable gemstone [2,81–83]. This, with improved techniques of characterizing
ruby through analytical advances [84], and more sophisticated statistical methods of identifying
links/differences in analytical data from known sources [85–88], will enlighten future studies. Detailed
mineral assemblage studies and P-T conditions of their formation within ruby-host lithology will
become further refined to use as potential exploration vectors for new ruby deposits [5].
5. Conclusions
Several ruby deposits in two different tectonic terranes provide diverse ages and chemistry.
Myanmar ruby ages of ~32 Ma at Mogok and at 23 Ma at Mong Hsu reflect the post-Paleozoic
collision history and felsic magmatic activity in Myanmar, while older diverse ruby generated within
dismembered fold belts in East Australia were delivered to surface placers by post-rift basalts.
Comparisons of ruby trace element chemistry from the Myanmar and Australian suites show
considerable geographic distinctions, with carbonate and mafic-ultramafic affinities for Myanmar
suites, and metamorphic and metasomatic affinities dominating in Australia.
Both Myanmar and East Australia ruby suites include examples of unusual Ga-rich ruby which
appear to indicate generation involving magmatic inputs.
Considering the diversity and chemical distinctions shown by the Myanmar and Australian
comparisons, in the context of global ruby distribution and detailed data accumulating on many ruby
suites, geographic typing of ruby origins seems to be a viable future proposition.
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Appendix A
Table A1. LA-ICP-MS trace element values (ppm) 1, Thurein Taung ruby.
Crystal No. Spot Mg Ti V Cr Fe Ga
1.1 (478), rim 116 171 112 4191 60 50
1.2 (479), core 94 142 102 3841 65 48
2.1 (480), core 50 200 243 2883 79 101
2.2 (481), rim 49 329 250 2785 65 98
3.1 (482), rim 45 63 310 2306 122 32
3.2 (483), core 63 94 386 618 117 39
4.1 (484), rim 27 38 281 2183 44 155
4.2 (485), core 40 64 296 2340 49 152
5.1 (486), rim 104 1241 401 2731 80 20
5.2 (487), core 100 203 421 2917 91 22
6.1 (488), rim 204 339 190 1073 483 125
6.2 (489), core 189 283 185 1035 461 128
7.1 (490), rim 63 96 145 4599 38 41
7.2 (491), core 77 120 156 4406 35 43
8.1 (492), rim 69 99 110 432 45 22
8.2 (493), core 59 93 125 3505 24 20
9.1 (494), rim 88 131 386 1909 353 170
9.2 (495), core 35 53 110 902 225 119
1 Values based on assumed Al content of 52,900 ppm. < = value bdl.
Table A2. LA-ICP-MS trace element values (ppm) 1, Mong Hsu ruby sample sets.
Crystal No. Spot Mg Ti V Cr Fe Ga
Sample set 1
1. rim1 (red) 27 336 231 3454 13 75
1. core (blue grey) 76 1168 254 4625 14 66
1. rim2 (red) 62 487 238 3342 32 75
2. rim1 (red) 35 654 628 2815 10 78
2. core (red) 67 1397 649 4470 <8 71
2. rim2 (red) 34 580 595 2780 19 76
3. rim (violet) 75 3201 73 1393 22 76
3. core (violet) 42 2550 75 2780 17 80
4. rim1 (light red) 55 1329 304 446 9 53
4. core (light red) 95 2145 316 919 <9 48
4. rim2 (light red) 49 1137 352 429 15 52
Sample set 2a
1. rim (red) 37 383 187 4476 38 81
1. core (blue black) 84 585 658 9698 54 94
2. rim (red) 73 1285 301 5524 18 81
2. core (blue black) 149 2633 348 6736 14 85
3. rim1 (red) 147 1367 1012 7771 51 88
3. core (blue black) 187 1358 398 8180 37 85
3. rim2 (red) 42 616 270 2033 20 86
4. rim1 (red) 131 2079 306 2705 37 78
4. core (blue black) 58 889 349 2011 31 88
4. rim2 (red) 29 324 317 1961 40 92
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Table A2. Cont.
Crystal No. Spot Mg Ti V Cr Fe Ga
Sample set 2b
1. rim1 (red), #18 29 42 320 16,388 31 88
1. core (blue black), #17 41 100 591 27,386 33 81
1. rim2 (red), #19 20 63 269 16,013 42 77
2. rim1 (red), #24 69 1050 352 2994 23 75
2. core (blue black), #23 226 2296 508 5871 44 85
2. rim2 (red), #25 146 1136 465 6919 34 75
3. rim1 (red), #27 47 794 240 959 11 92
3. core (blue black); #26 103 681 257 1194 17 103
3. rim2 (red), #28 47 77 368 3195 12 105
4. rim1 (light red), #30 24 189 183 4811 12 68
4. core (light red), #29 75 1136 228 3226 15 87
4. rim2 (light red), #31. 104 1492 195 2607 34 78
1 Values based on assumed Al of 52,300 ppm. < = value bdl. # spot no., in Figure 6.
References
1. Themelis, T. Gems and Mines of Mogok; A & T Publishing: Los Angeles, CA, USA, 2008; p. 356.
2. Hughes, R.W. Ruby & Sapphire—A Collector’s Guide; Gem & Jewelry Institute of Thailand: Bangkok, Thailand,
2014; p. 384.
3. Giuliani, G.; Ohnenstetter, D.; Fallick, A.E.; Groat, L.; Fagan, A.J. The geology and genesis of gem corundum
Deposits. In Geology of Gem Deposits, 2nd ed.; Mineralogical Association of Canada Short Course: Quebec,
QC, Canada, 2014; Volume 44, pp. 23–78.
4. Sutherland, L.; Graham, I.; Harris, S.; Zaw, K.; Meffre, S.; Coldham, T.; Coenraads, R.; Sutherland, G. Rubis
australasiens. Rev. Assoc. Fr. Gemmol. 2016, 197, 13–20.
5. Yakymchuk, C.; Szilas, K. Corundum formation by metasomatic reactions in Archean metapelite, SW
Greenland: Exploration vectors for ruby deposits within high-grade greenstone belts. Geosci. Front. 2018, 9,
727–749. [CrossRef]
6. Saul, J.M.A. A Geologist Speculates; Les 3 Colonnes: Paris, France, 2014; p. 159.
7. Giuliani, G.; Fallick, A.; Rakatondrazafy, M.; Ohnenstetter, D.; Andriamamonjy, A.; Ralantarison, T.H.;
Offant, Y.; Garnier, V.; Dunbigre, C.H.; Schwarz, D.; et al. Oxygen isotope systematics of gem corundum
deposits in Madagascar. Miner. Depos. 2007, 42, 251–270. [CrossRef]
8. Giuliani, G.; Fallick, A.E.; Ohnenstetter, D.; Pegre, G. Oxygen isotope composition of sapphire from the
French Massif Central: Implications for the origin of gem corundum in basalt fields. Miner. Depos. 2009, 44,
221–231. [CrossRef]
9. Sutherland, F.L.; Zaw, K.; Meffre, S.; Giuliani, G.; Fallick, A.E.; Graham, I.T.; Webb, G.B. Gem corundum
megacrysts from East Australia basalt fields: Trace elements, O isotopes and origins. Aust. J. Earth Sci. 2009,
56, 1003–1020. [CrossRef]
10. Zaw, K.; Sutherland, L.; Dellapasqua, F.; Ryan, C.G.; Yui, T.-Z.; Mernagh, T.P.; Duncan, D. Contrasts in
gem corundum characteristics, eastern Australian basaltic fields: Trace elements, fluid/melt inclusions and
oxygen isotopes. Mineral. Mag. 2006, 70, 669–687. [CrossRef]
11. Zaw, K.; Sutherland, L.; Yui, T.-F.; Meffre, S.; Thu, K. Vanadium-rich ruby and sapphire within Mogok
Gemfield, Myanmar: Implications for gem color and genesis. Miner. Depos. 2014, 50. [CrossRef]
12. Muhleimster, S.; Fritsch, E.; Shigley, J.E.; Devourd, B.; Laurs, B.M. Seperating natural and synthetic rubies on
the basis of trace-element geochemistry. Gems Gemol. 1998, 34, 80–101. [CrossRef]
13. Sutherland, L.; Zaw, K.; Meffre, S.; Yui, T.-F.; Thu, K. Advances in trace element “Fingerprinting” of gem
corundum, ruby and sapphire, Mogok Area, Myanmar. Minerals 2015, 5, 61–79. [CrossRef]
14. Sutherland, F.L.; Abduriyim, A. geographic typing of gem corundum: A test case from Australia. J. Gemmol.
2009, 31, 203–210. [CrossRef]
15. Giuliani, G.; Ohnenstetter, D.; Fallick, A.E.; Feneyrol, J. Les Isotopes de l’oxygèn, un tracer des origins
géologique et/ou géographique de gemmes. Rev. Assoc. Fr. Gemmol. 2012, 179, 11–16.
Minerals 2019, 9, 28 25 of 28
16. Giuliani, G.; Ohnenstetter, D.; Fallick, A.E.; Groat, L.A. Geographic origin of gems tied to their geologic
history. InColor 2012, 19, 16–27.
17. Saul, J.M. A Geologist Speculates, 2nd ed.; Les 3 Colonnes: Paris, France, 2014; p. 160.
18. Link, K. Age determination of zircon inclusions in faceted sapphires. J. Gemmol. 2015, 34, 692–700. [CrossRef]
19. Sorokina, E.S.; Rösel, D.; Häger, T.; Mertz-Kraus, R. LA-ICP-MS U–Pb dating of rutile inclusions within
corundum (ruby and sapphire): New constraints on the Mozambique Belt. Miner. Depos. 2017, 52, 641–649.
[CrossRef]
20. Gübelin, E.J.; Koivula, J.I. Photoatlas of Inclusions in Gemstones; Opinio Verlag: Basel, Switzerland, 2008;
Volume 3, p. 672.
21. Hughes, R.W. Ruby & Sapphire: A Gemologists Guide; RWH Publishing: Bangkok, Thailand, 2017; p. 816.
22. Sutherland, F.L.; Zaw, K.; Meffre, S.; Thompson, J.; Goemann, K.; Thu, K.; Nu, T.T.; Zin, M.M.; Harris, S.
Diversity in ruby geochemistry and its inclusions, intra- and -inter comparisons from Myanmar and Eastern
Australia. Abstract IMA2018-1068. In Proceedings of the International Mineralogical Association Conference
(IMA), Melbourne, Australia, 13–17 August 2018.
23. Sutherland, L.; Graham, I.; Yaxley, G.; Armstrong, R.; Giuliani, G.; Hoskin, P.; Nechaev, V.; Woodhead, J.
Major zircon suites of the Indo-Pacific lithosphere margin: “Zircon Zip” and its petrogenetic implications.
Mineral. Petrol. 2016, 110, 399–420. [CrossRef]
24. Piilonen, P.C.; Sutherland, F.L.; Danišik, M.; Porier, G.; Valley, J.W.; Rowe, R. Zircon xenocrysts from
Cenozoic alkaline basalts of the Ratanakiri Volcanic Province (Cambodia), South east Asia—Trace element
geochemistry, O–Hf isotopic composition, U–Pb and U (U–Th)/He geochronology—Revelations into the
underlying lithospheric mantle. Minerals 2018, 8, 566. [CrossRef]
25. Thu, K. The Igneous Rocks of the Mogok Stone Tract: Their Distribution, Petrography, Petrochemistry,
Sequence, Geochronology and Economic Geology. Ph.D. Thesis, University of Yangon, Yangon, Myanmar,
2007.
26. Thu, K.; Zaw, K. Gem deposits of Myanmar. In Myanmar: Geology, Resources and Tectonics; Chapter 23;
Barber, A.J., Zaw, K., Crow, M.J., Eds.; Geological Society London Memoirs: London, UK, 2017; Volume 48,
pp. 497–529. [CrossRef]
27. Barley, M.E.; Pickard, A.L.; Zaw, K.; Rak, P.; Doyle, M.G. Jurassic to Miocene magmatism and metamorphism
in the Mogok metamorphic belt and the India-Eurasia collision in Myanmar. Tectonics 2003, 22, 1–11.
[CrossRef]
28. Mitchell, A.H.G.; Htay, M.T.; Htun, K.M.; Win, M.N.; Oo, T.; Hlaing, T. Rock relationships in the Mogok
metamorphic belt, Tatkon to Mandalay, central Myanmar. J. Asian Earth Sci. 2007, 29, 891–910. [CrossRef]
29. Mitchell, A.H.G.; Chung, S.L.; Oo, T.; Lin, T.H.; Hung, C.H. Zircon U–Pb ages in Myanmar:
Magmatic–metamorphic events and the closure of a neo-Tethys ocean? J. Asian Earth Sci. 2012, 56, 1–23.
[CrossRef]
30. Searle, M.P.; Noble, S.R.; Cottle, J.M.; Waters, D.J.; Mitchell, A.H.G.; Hlaing, T.; Horstwood, M.S.A. Tectonic
evolution of the Mogok Metamorphic Belt of Burma (Myanmar) constrained by U–Th–Pb dating of
metamorphic and magmatic rocks. Tectonics 2007, 26, TC3014. [CrossRef]
31. Searle, M.P.; Morley, C.K.; Waters, D.J.; Gardiner, N.J.; Htun, U.K.; Nu, T.T.; Robb, L.J. Tectonic and
metamorphic evolution of the Mogok Metamorphic and Jade Mines belts and ophiolitic terranes of Burma
(Myanmar). In Myanmar: Geology, Resources and Tectonics; Chapter 12; Barber, A.J., Zaw, K., Crow, M.J., Eds.;
Geological Society London Memoirs: London, UK, 2017; Volume 48, pp. 261–293. [CrossRef]
32. Zaw, K. Overview of mineralization styles and tectonic-metallogenic setting in Myanmar. In Myanmar:
Geology, Resources and Tectonics; Chapter 24; Barber, A.J., Zaw, K., Crow, M.J., Eds.; Geological Society London
Memoirs: London, UK, 2017; Volume 48, pp. 531–556. [CrossRef]
33. Garnier, V.; Maluski, H.; Giuliani, G.; Ohnenstetter, D.; Schwarz, D. Ar–Ar and U–Pb ages of marble-hosted
ruby deposits from central and southeast Asia. Can. J. Earth Sci. 2006, 43, 509–532. [CrossRef]
34. Garnier, V.; Giuliani, G.; Ohnenstetter, D.; Fallick, A.E.; Dubessy, J.; Banks, D.; Vinh, H.Q.; Lhomme, T.;
Maluski, H.; Pêcher, A.; et al. Marble-hosted ruby deposits from Central and Southeast Asia: Towards a new
genetic model. Ore Geol. Rev. 2008, 34, 169–191. [CrossRef]
35. Zaw, K. Geological evolution of selected granitic pegmatites in Myanmar (Burma): Constraints from regional
setting, lithology, and fluid-inclusion studies. Int. Geol. Rev. 1998, 40, 647–662. [CrossRef]
Minerals 2019, 9, 28 26 of 28
36. Nu, T.T. A Comparative Study of the Origin of Ruby and Sapphire in the Mogok, Pyinlon and Mong Hsu
Areas. Ph.D. Thesis, University of Mandalay, Mandalay, Myanmar, 2003.
37. Peretti, A.; Mullis, J.; Mouawad, F. The role of fluorine in the formation of color zoning in rubies from Mong
Hsu, Myanmar (Burma). J. Gemmol. 1996, 25, 3–19. [CrossRef]
38. Graham, I.; Sutherland, L.; Zaw, K.; Nechaev, V.; Khanchuk, A. Advances in our understanding of the gem
corundum deposits of the west Pacific continental margin. Ore Geol. Rev. 2008, 34, 200–215. [CrossRef]
39. Glen, R.A. Refining accretionary orogeny models for the Tasmanides of eastern Australia. Aust. J. Earth Sci.
2013, 60, 315–370. [CrossRef]
40. Roberts, D.L.; Sutherland, F.L.; Hollis, J.B.; Kennewell, P.; Graham, I. Gemstone characteristics, North-East
Barrington Plateau, NSW. J. Proc. R. Soc. NSW 2004, 137, 99–122.
41. Sutherland, F.L.; Fanning, C.M. Gem-bearing basaltic volcanism, Barrington, New South Wales: Cenozoic
evolution based on basalt K–Ar ages and zircon fission track and U–Pb isotope dating. Aust. J. Earth Sci.
2001, 48, 221–237. [CrossRef]
42. Sutherland, F.L.; Coenraads, R.R. An unusual ruby-sapphirine-spinel assemblage from Barrington volcanic
province, New South Wales, Australia. Mineral. Mag. 1996, 60, 623–638. [CrossRef]
43. Owen, J.V.; Greenough, J.D. An empirical sapphirine-spinel exchange thermometer and its application to
high grade xenoliths in the Pope Harbour dyke, Nova Scotia, Canada. Lithos 1991, 317–326. [CrossRef]
44. Waltenberg, K.; Blevin, P.L.; Bodarkos, S.; Cronin, D.E. New SHRIMP U–Pb zircon ages from the New
England Orogen, New South Wales. Geological Survey NSW Reports GS 2015/1124; Geological Survey of
New South Wales: Sydney, Austraila, 2015.
45. Eggins, S.; Henson, B.J. Evolution of mantle-derived augite-hypersthene granodiorite by crystal-liquid
fractionation: Barrington Tops Batholith, Eastern Australia. Lithos 1987, 20, 295–310. [CrossRef]
46. Aitchison, J.C.; Ireland, T.R. Age profile of ophiolitic rocks across the Late Palaeozoic New England Orogen,
New South Wales: Implications for tectonic models. Aust. J. Earth Sci. 1995, 42, 11–23. [CrossRef]
47. Sutherland, F.L.; Coenraads, R.R.; Schwarz, D.; Raynor, L.R.; Barron, B.J.; Webb, B.G. Al-rich diopside in
alluvial ruby and corundum-bearing xenoliths, Australian and SE Asian fields. Mineral. Mag. 2003, 67,
717–732. [CrossRef]
48. Sutherland, F.L.; Graham, I.T.; Harris, S.J.; Coldham, T.; Powell, W.; Belousova, E.A.; Martin, L. Unusual
ruby-sapphire transition in alluvial megacrysts, Cenozoic basaltic gem field, New England, New South
Wales, Australia. Lithos 2017, 278–279, 347–360. [CrossRef]
49. Baker, J.; Peate, D.; Waight, T.; Meyzen, C. Pb isotopic analysis of standards and samples using a 207Pb-204Pb
double spike and Thallium to correct for mass bias with a double-focusing MC-ICP-MS. Chem. Geol. 2004,
211, 275–303. [CrossRef]
50. Thompson, J.M.; Meffre, S.; Danyushevesky, L. Impact of air, laser pulse width and fluence on U–Pb dating
of zircons by LA-ICPMS. J. Anal. At. Spectrom. 2018, 33, 221–230. [CrossRef]
51. Black, L.P.; Kamo, S.L.; Allen, C.M.; Aleinikff, J.N.; Davis, D.W.; Korsch, R.J.; Foudoulis, C. TEMORA 1:
A new zircon standard for Phanerozoic U–Pb geochronology. Chem. Geol. 2004, 200, 155–170. [CrossRef]
52. Sláma, J.; Košler, J.; Condon, D.J.; Crowley, J.L.; Gerdes, A.; Hanchar, J.M.; Horstwood, M.S.A.; Morris, G.A.;
Nasdala, L.; Norberg, N.; et al. Plešovice zircon—A new natural reference material for U–Pb and Hf isotopic
microanalysis. Chem. Geol. 2008, 249, 1–35. [CrossRef]
53. Paces, J.B.; Miller, J.D. Precise U–Pb ages of the Duluth Complex and related mafic intrusions, northeastern
Minnesota: Geochronological insights to physical, petrogenetic, paleomagnetic, and tectomagmatic processes
associated with the 1.1 Ga Midcontinent Rift System. J. Geophys. Res. 1993, 98, 13997–14013. [CrossRef]
54. Dazé, A.; Lee, J.K.W.; Villeneuve, M. An intercalibration study of the Fish Canyon sanidine and biotite
40Ar/39Ar standards and some comments on the age of the Fish Canyon Tuff. Chem. Geol. 2003, 199, 111–127.
[CrossRef]
55. Best, F.C. The Petrogenesis and Ni-Cu-PGE Potential of the Dido Batholith, North Queensland, Australia.
Ph.D. Thesis, University of Tasmania, Hobart, Australia, 2012.
56. Ludwig, K.R. A User’s Manual for Isoplot 3.6: A Geochronological Toolkit for Microsoft Excel 9 revision of April 8,
2008); Berkeley Geochronology Center Special Publication No.4; Berkeley Geochronology Center Special
Publication: Berkeley, CA, USA, 2008; p. 77.
57. Stacey, J.S.; Kramers, J.D. Approximation of terrestrial lead isotope evolution by a two-stage model.
Earth Planet. Sci. Lett. 1975, 26, 207–221. [CrossRef]
Minerals 2019, 9, 28 27 of 28
58. Horstwood, M.S.A.; Košler, J.; Gehrels, J.; Jackson, S.E.; Mclean, N.M.; Paton, C.; Pearson, N.J.; Sircombe, K.;
Sylvester, P.; Vermeesch, P.; et al. Community Derived standards for LA-ICP-MS U- (Th-) Pb Geochronology—
Uncertainty propagation, Age Interpretation and Data Reporting. Geostand. Geoanal. Res. 2016, 40, 311–332.
[CrossRef]
59. Harlow, G.E.; Bender, W. A study of ruby (corundum) compositions from the Mogok, Myanmar: Searching
for chemical fingerprinting. Am. Mineral. 2013, 98, 1120–2013. [CrossRef]
60. Stone-Sundeberg, J.; Thomas, T.; Sun, Z.; Guan, Y.; Cole, Z.; Equall, R.; Emmett, J.L. Accurate reporting of
key trace elements in ruby and sapphire using matrix-matched standards. Gems Gemol. 2017, 53, 438–451.
[CrossRef]
61. Gardiner, N.J.; Robb, L.J.; Morely, C.K.; Searle, M.P.; Cawood, P.A.; Whitehouse, M.J.; Kirkland, C.L.;
Roberts, N.M.W.; Myint, T.A. The tectonic and metallogenic framework of Myanmar: A Tethyan mineral
system. Ore Geol. Rev. 2016, 79, 26–45. [CrossRef]
62. Mitchell, A. Geological Belts, Plate Boundaries and Mineral Deposits in Myanmar, Chapter 7, Mogok Metamorphic
Belt; Elsevier: Amsterdam, The Netherlands, 2017; pp. 201–247. ISBN 978-0-12-803382-1.
63. Nissimboim, A.; Harlow, G.E. A study of ruby on painite from the Mogok Stone Tract. Research Track,
Gem Localities and Formation. Gems Gemol. 2011, 47, 140–144.
64. Link, K. New age data for blue sapphire from Mogok, Myanmar. J. Gemmol. 2016, 35, 107–109.
65. Li, Q.; Zu, E. Mineral properties of ruby deposit in Mongshu Myanmar. In Proceedings of the 2015 International
Conference on Material Engineering and Environmental Science, Changsha, China, 28–29 November 2015; Xu, Q.,
Ed.; World Scientific Publishing Co.: Singapore, 2016; ISBN 978-1-60595-323-6.
66. Mittermayr, F.; Konzett, J.; Hauzenberger, C.; Kaindl, R.; Schmiderer, A. Trace element distribution, solid-and
fluid inclusions in untreated Mong Hsu rubies. In European Geosciences Union General Assembly; EGU
2008-A-10706, 2008 S/Ref-ID: 1607-7962/gra/EGU2008-A-10706, and poster pdf; Geophysical Research
Abstracts 10: Vienna, Austria, 2008.
67. Peucat, J.J.; Ruffault, P.; Fritsch, E.; Bouhnik-Le Coz, M.; Simonet, C.; Lasnier, B. Ga/Mg ratio as a new
geochemical tool to differentiate magmatic from metamorphic blue sapphires. Lithos 2007, 98, 261–274.
[CrossRef]
68. Uher, P.; Giuliani, G.; Szakáll, S.; Fallick, A.; Strunga, V.; Vaculovicˇ, T.; Ondine, D.; Gregáñova, M. Sapphires
related to alkali basalts from the Corová Highlands, Western Carpathians (southern Slovakia): Composition
and origin. Geol. Carpath. 2012, 63, 71–82. [CrossRef]
69. Giuliani, G.; Pivin, M.; Fallick, A.E.; Ohnenstetter, D.; Song, Y.; Demaiffe, D. Geochemical and oxygen isotope
signature of mantle corundum megacrysts from Mbuji-Mayi kimberlite, Democratic Republic of Congo. C.
R. Geosci. 2015, 347, 24–34. [CrossRef]
70. Harris, S.J.; Graham, I.T.; Lay, A.; Powell, W.; Belousova, E.; Zappetini, E. Trace element geochemistry and
metasomatic origin of alluvial sapphires from the Orosmayo region, Jujuy Province, Northwest Argentina.
Can. Mineral. 2017, 55, 595–617. [CrossRef]
71. Palke, A.C.; Wong, J.; Verdel, C.; Ávila, J.N. A common origin for Thai/Cambodian rubies and blue and
violet sapphires from Yogo Mountain Gulch, Montana, USA. Am. Mineral. 2018, 103, 469–479. [CrossRef]
72. Sutherland, F.L.; Duroc-Danner, J.M.; Meffre, S. Age and origin of gem corundum and zircon megacrysts
from Mercardese-Rio Mayo area, South West Colombia, South America. Ore Geol. Rev. 2008, 34, 155–168.
[CrossRef]
73. Giuliani, G.; Debussey, J.; Banks, D.A.; Lhomme, T.; Ohnennstetter, D. Fluid inclusions from Asian marble
deposits, genetic implications. Eur. J. Mineral. 2015, 27, 393–404. [CrossRef]
74. Sansawong, S.; Vertriest, W.; Saeseaw, S.; Pardieu, V. A Study of Rubies from Cambodia and Thailand. GIA
News from Research. Gems Geol. 2017. Available online: http://www.gia.edu (accessed on 28 March 2018).
75. Vysotskiy, S.V.; Velivetskya, T.A.; Sutherland, F.L.; Agoshkov, A.I. Oxygen isotope composition as an indicator
of ruby and sapphire origin: A review of Russian occurrences. Ore Geol. Rev. 2015, 68, 164–170. [CrossRef]
76. Kuelen, N.; Poulsen, M.B.; Salimi, R. Report on the Activities of the Ruby Project; Danmarks og Greenlands
Geologishe Undersolgelse Rapport; GEUS: Copenhagen, Denmark, 2016; p. 20.
77. Maneerafanasam, P.; Wathanakul, P.; Kim, Y.C.; Choi, H.M.; Choi, B.G.; Shim, K.B. Characterization of dark
core and blue patch in Mong Hsu ruby. J. Korean Cryst. Growth Cryst. Technol. 2011, 21, 55–59.
78. Yui, T.-F.; Zaw, K.; Wu, C.-M. A preliminary stable isotope study on Mogok ruby, Myanmar. Ore Geol. Rev.
2008, 34, 192–199. [CrossRef]
Minerals 2019, 9, 28 28 of 28
79. Sutherland, F.L.; Giuliani, G.; Fallick, A.E.; Garland, M.; Webb, G.B. Sapphire-ruby characteristics, West Pailin,
Cambodia. Aust. Gemmol. 2008, 23, 329–368.
80. Sorokina, E.S. Morphological and chemical evolution of corundum (ruby and sapphire): Crystal ontogeny
reconstructed by EMPA, LA-ICP-MS and Cr3+ Raman mapping. Am. Mineral. 2016, 101, 2716–2722.
[CrossRef]
81. De Leon, S.W.D. Jewels of Responsibility from Mines to Markets; Comparative Case Analysis in Burma,
Madagascar and Colombia. Master’s Thesis, University of Vermont, Burlington, MA, USA, 2008.
82. Rossman, G.R. The geochemistry of gems and its relevance to gemology. Elements 2009, 5, 159–162. [CrossRef]
83. Smith, C.; Fagan, A.J.; Clark, B. Ruby and pink sapphire from Appaluttoq, Greenland. J. Gemmol. 2016, 35,
294–306. [CrossRef]
84. Wang, H.; Krezemnicki, M.S.; Chalain, J.-P.; Lefevre, P.; Zhou, W.; Cartier, L.A. Simultaneous high sensitivity
trace-element and isotopic analysis of gemstones using laser ablation inductively coupled plasma, time of
flight mass spectrometry. J. Gemmol. 2016, 55, 212–223. [CrossRef]
85. Pornwilard, M.-M.; Hansawek, R.; Shiowatana, J.; Siripinyanod, A. Geographic origin classification of
gem corundum using elemental fingerprint analysis by laser ablation inductively coupled plasma mass
spectrometry. Int. J. Mass Spectrom. 2011, 306, 57–62.
86. Kochelek, K.A.; McMillan, N.J.; McManus, C.F.; Daniel, D.E. Provenance determination of sapphires and
rubies using laser-induced breakdown spectroscopy and multivariate analysis. Am. Mineral. 2015, 100,
1921–1931. [CrossRef]
87. Emori, K.; Kitawaki, H. Geographic origin of determination of ruby and blue sapphire based on LA-ICP-MS
and 3D-plots. In Proceedings of the 34th International Gemmological Conference Program, Vilnius, Lithuania,
26–28 August 2015; pp. 48–50.
88. Wong, J.; Verdel, C. Tectonic environments of sapphire and ruby revealed by a global oxygen isotope
compilation. Int. Geol. Rev. 2018, 60, 188–195. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
